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Abstract
Background: This study aimed to analyze the effects of exercise at the aerobic/anaerobic transition on the markers
of non-alcoholic fatty liver disease (NAFLD), insulin sensitivity and the blood chemistry of rats kept on a fructose-
rich diet.
Methods: We separated 48 Wistar rats into two groups according to diet: a control group (balanced diet AIN-93 G)
and a fructose-rich diet group (60% fructose). The animals were tested for maximal lactate-steady state (MLSS) in
order to identify the aerobic/anaerobic metabolic transition during swimming exercises at 28 and 90 days of age.
One third of the animals of each group were submitted to swimming training at an intensity equivalent to the
individual MLSS for 1 hours/day, 5 days/week from 28 to 120 days (early protocol). Another third were submitted
to the training from 90 to 120 days (late protocol), and the others remained sedentary. The main assays performed
included an insulin tolerance test (ITT) and tests of serum alanine aminotransferase [ALT] and aspartate
aminotransferase [AST] activities, serum triglyceride concentrations [TG] and liver total lipid concentrations.
Results: The fructose-fed rats showed decreased insulin sensitivity, and the late-exercise training protocol
counteracted this alteration. There was no difference between the groups in levels of serum ALT, whereas AST and
liver lipids increased in the fructose-fed sedentary group when compared with the other groups. Serum
triglycerides concentrations were higher in the fructose-fed trained groups when compared with the
corresponding control group.
Conclusions: The late-training protocol was effective in restoring insulin sensitivity to acceptable standards.
Considering the markers here evaluated, both training protocols were successful in preventing the emergence of
non-alcoholic fatty liver status disease.
Background
Metabolic syndrome, also known as syndrome X or
insulin resistance syndrome, encompasses a spectrum of
disorders, one of the most important of which is
impaired glucose tolerance. These disorders include
insulin resistance (with or without type 2 diabetes melli-
tus), hypertension, obesity, dyslipidemia and endothelial
dysfunction [1]. The World Health Organization offers a
definition of metabolic syndrome that includes any indi-
vidual who shows diabetes or insulin resistance and two
of the following symptoms: glucose intolerance, high
waist/hip ratio, high serum triglycerides concentrations,
low serum HDL cholesterol concentrations, high blood
pressure or high urinary albumin excretion [2]. Accord-
ing to data from the 2000 census, about 47 million peo-
ple living in the United States have metabolic syndrome
[3]. It is estimated that the prevalence of metabolic syn-
drome in the United States is 24% in the adult popula-
tion and between 50-60% in the population over 60
years of age [4].
The signs of metabolic syndrome have been induced
in rats by prolonged feeding on a diet containing high
amounts of fructose [5]. Rats fed this type of diet have
been used as an experimental model of human meta-
bolic syndrome [6,7], although they have not always
expressed all signs of the syndrome, as shown by pre-
vious studies [8,9]. Non-alcoholic fatty liver disease
(NAFLD) is emerging as an acknowledged component
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as elevations in serum concentrations of aspartate ami-
notransferase transaminase (AST), alanine aminotrans-
ferase (ALT) and alkaline phosphatase (ALP), may be
considered reliable predictors of the development of the
syndrome [10].
Physical activity has been considered of great impor-
tance in the treatment of metabolic syndrome [11]. The
intervention of exercise clearly improves glucose toler-
ance and reduces insulin resistance. However, exercise
training requires procedures for controlling training
intensity and volume. For this purpose, several protocols
have been developed in the last decades. Many of these
evaluation protocols use blood lactate concentrations
due to their reliability in the measurement of the aero-
bic/anaerobic metabolic transition (the anaerobic thresh-
old) during exercise and to their excellent metabolic
response to physical training, a response that allows
both the characterization of effort and the monitoring of
training efficiency.
The anaerobic threshold (AT) is defined as the work-
load at which blood lactate begins to accumulate expo-
nentially during exercise with progressive loads [12].
Theoretically, this threshold indicates the maximal lac-
tate steady state [13]. The maximal lactate steady state
(MLSS) is the highest blood concentration of lactate for
which its output during exercise at a constant workload
compensates for its input into circulation [14,15].
Studies on the metabolic effects of exercise training in
animal models are sometimes criticized due to the lack
of information about the intensity of effort performed
by the animal during the exercise. Previously, our group
developed experiment to determine the MLSS of rats
during swimming [16]. This study enabled us to esti-
mate the individual intensity of effort corresponding to
the metabolic transition that occurred during the rats’
swimming exercise.
Moreover, some studies verified the effect of physical
activity in rats at different ages. Early training can pre-
vent the NAFLD appearance. This may occur due to
both the raise in energetic expenditure and the impair-
ment in body weight gain and lipid storage, as well anti-
oxidant mechanism improvement [17,18]. Otherwise,
exercise training during the adulthood is able in coun-
teracting several deleterious effects caused by occidental
diets without changes in body weight and fat-free body
mass [18,19].
The present study aimed to examine the effects of
swimming exercise performed at the MLSS intensity
started early or late in life on body weight, blood chem-
istry, insulin sensitivity and non-alcoholic fatty liver dis-
ease markers in rats fed on a fructose-rich diet used as
a model of metabolic syndrome.
Methods
Animals and their Treatment
Forty-eight weaned male Wistar rats (28 days old) were
used in the present study. The animals were kept in collec-
tive cages (four animals per cage) at 25 ± 1°C in a light/
dark cycle of 12/12 hours and with ad libitum access to
food and water. The experiments were performed at the
Laboratory of Nutrition, Metabolism and Exercise of the
Department of Physical Education of UNESP-São Paulo
State University, Rio Claro, Brazil. The animals’ body
weight was recorded once a week throughout the experi-
m e n t ,a n dt h ea r e au n d e rt h ec u r v eo fb o d yw e i g h tw a s
calculated using Microsoft Excel 2007® [20]. All experi-
ments with animals were reviewed and approved by the
Ethics Committee of the Herminio Ometto Foundation
(UNIARARAS), Case Number: 068/2008.
Diet treatment
As a model of metabolic syndrome, we used fructose-fed
rats [5]. Animals fed on a balanced diet (AIN-93) [21]
were used as a control. The composition of the diets is
described in Table 1.
Design and experimental groups
One week after weaning (28 days old), the animals were
divided into 6 groups:
￿ Control (C): fed a balanced diet (AIN-93 G) and kept
sedentary (untrained) until the end of the experiment;
￿ Control early trained (CET): fed a balanced diet and
submitted to swimming training at the intensity equiva-
lent to the MLSS from 28 days old until the end of the
experiment;
￿ Control late trained (CLT): fed a balanced diet and
submitted to swimming training at the intensity equiva-
lent to the MLSS from 90 days old until the end of the
experiment;
￿ Fructose (F): fed a fructose-rich diet and kept seden-
tary (untrained) until the end of the experiment;
Table 1 Isocaloric diet composition
Components (g/Kg) Balanced
1 Fructose-rich Diet (66%)
Casein 202 202
Cornstarch 397 -
Dextrinized Cornstarch 130.5 -
Sucrose 100 27.5
Fructose - 600
L-Cystine 3 3
Soybean oil 70 70
Mineral Mix (AIN-93GMX)
1 35 35
Vitamin Mix (AIN-93GVX)
1 10 10
Fiber 50 50
Choline Bitartarate 2.5 2.5
1. According to Reeves [18].
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and submitted to swimming training at the intensity
equivalent to MLSS from 28 days old until the end of
the experiment;
￿ Fructose late trained (FLT): fed a fructose-rich diet
and submitted to swimming training at the intensity
equivalent to the MLSS from 90 days old until the end
of the experiment.
Adaptation to the water
Sedentary and both trained groups were first allowed to
adapt to the water tank. The adaptation was performed
for fifteen uninterrupted days in the same tank in which
the exercise training was performed, with water tem-
perature maintained at 31 ± 1°C [16]. The purpose of
the adaptation was to reduce the stress of the animals
without promoting the physiological changes that might
arise from the physical training. The rats were initially
placed in shallow water without workload for fifteen
minutes during three consecutive days. The water level,
the water exposure time and the overload sustained by
the animals were subsequently increased. On the fourth
day, the rats swam in deep water for two minutes, and
swam for an additional two minutes each day until the
tenth day of adaptation. On the eleventh day, the ani-
mals were submitted to swimming exercise for five min-
utes carrying a workload of 3% in relation to their body
weight, with increases of five minutes every day. On the
fifteenth day, the adaptation was concluded.
Aerobic/anaerobic metabolic transition and evaluation of
aerobic conditioning
Identification of the aerobic/anaerobic metabolic transi-
tion during swimming was performed using the MLSS
protocol. In short, the animals were submitted to four
swimming tests that supported constant and increasingly
growing workloads relative to body weight. These tests
were given at intervals of forty eight hours until the sta-
bilization of blood lactate concentrations during exercise
was no longer possible. Each test consisted of thirty
minutes of continuous swimming supporting the work-
load, with blood collection by a small cut at the tip of
the tail every five minutes to determine the concentra-
tions of lactate. The blood lactate concentrations were
then determined by a spectrophotometer [22]. The cri-
terion used for stabilization was a difference less than or
equal to 1.0 mM of blood lactate between the 10
th and
25
th minutes of exercise [16].
Physical Training
The trained animals were submitted to swimming exer-
cise in collective tanks containing water at 31 ± 1°C,
one hour per day, five days per week, supporting a lead
weight tied to the chest that created a workload equivalent
to the individual aerobic/anaerobic metabolic transition
identified by the MLSS test. At 28 days of age, the animals
of CET and FET groups were evaluated on the MLSS to
determine the exercise workloads. At 90 days of age, the
animals of CET and FET groups were re-evaluated on the
MLSS test in order to adjust the workloads. At this same
point, the animals of CLT and FLT were subjected to the
same test to identify the workloads used on training.
Insulin Sensitivity
Insulin sensitivity was evaluated by the insulin tolerance
test. The test consisted of a bolus injection of insulin
(300 mU/kg body weight) followed by blood sample col-
lections (for the measurement of glucose concentra-
tions) from a cut at the tip of the tail before and 30, 60
and 120 minutes after the insulin injection. The serum
glucose disappearance rate (Kitt) was calculated using
the formula 0.693/t1/2 where t1/2 is the half-life of the
process. The serum glucose half-life was calculated from
the slope of a least-square analysis of serum glucose
concentrations from 0 to 60 minutes after the subcuta-
neous injection of insulin, during this time, the glucose
reduces linearly [20].
Non-alcoholic fatty liver markers
As markers of non-alcoholic fatty liver disease, the
serum activity of the transaminases aspartate amino-
transferase (AST) and alanine aminotransferase (ALT),
as well as and the total liver lipid concentration, were
evaluated at the end of the experiment (120 days of age).
Blood and tissue sample collection
Forty eight hours after the last in vivo evaluation, the
animals were killed by decapitation. Blood samples were
collected for serum separation, for the determination of
the activity of hepatic transaminases AST and ALT, glu-
cose, triglyceride and total-cholesterol concentrations by
spectrophotometry using commercial kits (Laborlab®)
[23]. The liver was also excised for the determination of
the total lipid concentration [23].
Statistics
The Shapiro-Wilk W test was used to verify the normal-
ity of the samples. The results were then subjected to a
two-way analysis of variance (ANOVA). When neces-
sary, the Bonferroni post hoc test was used. In all cases,
the level of significance was set at 5%. The software
used for the analysis was Statistica 7.0.
Results
Figure 1 shows the stabilization values of blood lactate
during the MLSS test and the workload equivalent to
the MLSS during swimming exercise performed by the
animals.
Botezelli et al. Lipids in Health and Disease 2010, 9:116
http://www.lipidworld.com/content/9/1/116
Page 3 of 9Figure 2 shows the body weight evolution, the area
under the curve of body weight evolution, food intake
and the area under the curve of food intake of the ani-
mals during the 12 weeks of experiment. The early-
trained groups (CET and FET) had a lower area under
the curve of body weight when compared to the seden-
tary controls (C and F). The F group engaged in more
food consumption in comparison with the C group. The
early-trained animals (CET and FET) exhibited
increased food intake compared with the other groups.
Figure 3 shows the serum glucose concentrations and
the Kitt values during the insulin tolerance test. The
s e d e n t a r yf r u c t o s eg r o u p( F )s h o w e dal o w e rK i t tv a l u e
when compared with the sedentary control (C), indicat-
ing a lower insulin sensitivity. Physical training
decreased the Kitt values in the control trained groups
(CET and CLT), but the training increased Kitt values
in the fructose-fed animals (FLT and FET).
The blood biochemistry variables are presented in
Table 2. The fructose-trained groups (FLT and FET)
had higher serum triglycerides values when compared
with the corresponding controls (CET and CLT).
Figure 1 Blood lactate concentration and workload values at the maximal lactate steady state of the animals during swimming
exercise. Results are expressed as the Mean ± SD. n = 8; C = Control Sedentary, CET = Control Early Trained, CLT = Control Late Trained, FET =
Fructose Early Trained and FLT = Fructose Late Trained. Different letters indicate different values among groups p ≤ 0.05)
Figure 2 (A) Area under body weight curve and (B) area under
food intake curve of the animals during 12 weeks calculated
by the trapezoidal method. Results are expressed as the mean
and standard deviation of eight animals per group. Results are
expressed as the Mean ± SD. n = 8; C = Control Sedentary, CET =
Control Early Trained, CLT = Control Late Trained, F = Fructose
Sedentary, FET = Fructose Early Trained and FLT = Fructose Late
Trained. Different letters indicate different values among groups (p
≤ 0.05).
Figure 3 Serum glucose disappearance rate (Kitt) during the
insulin tolerance tests (ITT) at the end of the experiment.
Results are expressed as the Mean ± SD. n = 8; C = Control
Sedentary, CET = Control Early Trained, CLT = Control Late Trained,
F = Fructose Sedentary, FET = Fructose Early Trained and FLT =
Fructose Late Trained. Different letters indicate different values
among groups (p ≤ 0.05).
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described in Figure 4. The animals of the CLT group
showed lower AST (Figure 4A) concentrations when
compared with the C group. The animals of the FLT
a n dF E Tg r o u p sh a dl o w e rA S T( F i g u r e4 A )
concentrations when compared to the F group. No dif-
ference in the ALT (Figure 4B) values was observed
a m o n gt h eg r o u p s .I na d d i t i o n ,t h eFg r o u ps h o w e d
high concentrations of liver total lipids (Figure 4C)
when compared with the C, FLT and FET groups.
Discussion
The increase in both fructose consumption and calorie
intake, as well as the decrease in physical activity,
have been identified as the main factors contributing
to the growing numbers of obese and overweight indi-
viduals in many countries around the world [24,25]
and experimental models have been widely used to
analyze the metabolic effects of fructose-rich diets and
exercise [26].
In this study, the body weights of animals fed a fruc-
tose-rich diet (F) were similar to that of those in the
control group (C). The effects of fructose consumption
on body weight seem to be dependent on rodent strain
and on the administration period. Our results did not
corroborate with other studies that used Sprague-Daw-
ley rats and fructose-rich diets to induce obesity and
overweight in rats [26,5]. The early-trained animals
(CET and FET) exhibited a lower area under the curve
of body weight when compared with their respective
controls (C and F). The late-trained group showed no
reduction in the area under the curve of body weight.
On the other hand, the animals fed a fructose-rich diet
showed an increase in food intake during the experi-
ment compared with the respective control groups.
Fructose does not stimulate insulin secretion by the
pancreas and consequently does not stimulate leptin
secretion by the adipose tissue. Leptin is a powerful
satiety agent; animals fed a fructose-rich diet consumed
larger amounts of food compared with animals fed a
balanced diet [27]. On the other hand, the early-trained
animals showed high food intake compared with the
other groups (C, CLT, F and FLT), but had the lower
body weight compared with the sedentary counterpart.
Exercise alters the basal metabolism; consequently, the
animals need more calories daily. Gaesser & Brooks
[28] showed that physical exercise is responsible for
20% of the energy expenditure of sedentary individuals
and can reach 40% in trained individuals. Furthermore,
skeletal muscles can increase their energy expenditure
Table 2 Serum Glucose, Cholesterol and Triglycerides, at the end of the experiment
Groups/Parameters C CET CLT F FET FLT
Glucose (mg/dl) 112.9 ± 27.5 100.6 ± 36.5 96.3 ± 13.8 107.0 ± 24.6 88.1 ± 18 101.3 ± 16.6
Total Cholesterol (mg/dl) 90.4 ± 17.3 83.7 ± 13.2 92.7 ± 19.1 99.3 ± 24.3 83.7 ± 10.9 91.4 ± 16.5
Triglycerides (mg/dl) 150.4 ± 35.1
abc 179.6 ± 32.6
a 145.9 ± 40.3
ab 173.0 ± 32.9
ab 213.2 ± 40.2
b 192.1 ± 36.3
c
Results are expressed as the mean ± SD. n = 8; C = Control, CET = Control Early Trained, CLT = Control Late Trained, F = Fructose, FET = Fructose Early Trained,
FLT = Fructose Late Trained. Different letters indicate different values among groups (p ≤ 0.05).
Figure 4 (A) Serum Aspartate Aminotransferase [AST], (B)
Serum Alanine Aminotransferase [ALT] and (C) liver lipids
levels at the end of experiment. Results are expressed as the
Mean ± SD. n = 8; C = Control Sedentary, CET = Control Early
Trained, CLT = Control Late Trained, F = Fructose Sedentary, FET =
Fructose Early Trained and FLT = Fructose Late Trained. Different
letters indicate different values among groups (p ≤ 0.05).
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animals fed on fructose-rich diet presented higher food
consumption if compared to control-diet. This result
corroborate with previous studies [29,30] which used
fructose to induce obesity in rats. Fructose consumption
is not able to induce insulin secretion; consequently the
leptin activation by insulin mechanism is not triggered.
With lower levels of leptin, the central hungry control
trends to down regulate the magnitude of adipocyte
energy stores in adipose tissue, triggering the hungry
mechanism [31].
The two exercise protocols here examined promoted
different responses in body weight and food consump-
tion. The early-training reduced body weight and
increased food intake; the late protocol did not show
these effects. In another studies, animals which per-
formed early training protocol, had both physiological
and morphological alterations, which lead to changes in
fat deposition, fat distribution and lipid content in dif-
ferent tissues [17-19]. On the other hand, adult animals
showed a consolidated body structure, and the altera-
tions were found only at cell level and lipid content
[18,19].
In addition to excess body weight, another important
marker of metabolic syndrome is insulin resistance. The
peripheral sensitivity to insulin was examined in this
study through the serum glucose disappearance rate
(Kitt) after exogenous insulin administration. As
expected, the group fed a fructose-rich diet showed a
reduction in insulin sensitivity. This finding agrees with
several studies that show a sharp decrease in the sensi-
tivity to insulin both in humans and in animals fed fruc-
tose-rich diets [32,33]. Bezerra et al. [9] demonstrated
that two weeks of a high-fructose diet (66% of calories
from fructose) did not alter the levels of IRS-1 and IRS-
2 mRNA and, consequently, the number of IRS-1 and
IRS-2 insulin receptors of the rats.
However, the mechanism of phosphorylation of these
receptors showed a reduction of 72% in the hepatocytes
and muscle fibers of the animals. Furthermore, other
studies [34,35] reported that an increased level of trigly-
cerides in liver or serum increases mitochondrial b-oxi-
dation and stimulates a state of tissue inflammation.
This, in turn, interferes with insulin sensitivity by
increasing the concentrations of TNF-a and decreasing
the concentrations of adiponectin cytokines.
Several studies have shown a direct relationship
between levels of physical activity and insulin sensitivity
[36,37]. Lower-circulating insulin concentrations and
higher insulin sensitivity were exhibited in athletes when
compared with sedentary individuals [38,39].
A single exercise session increases the insulin-
mediated glucose utilization in normal or insulin-resis-
tant subjects with a family history of type 2 diabetes, in
obese individuals with insulin resistance and in patients
with type 2 diabetes [40]. Physical training improves
insulin sensitivity in healthy subjects, in obese non-dia-
betics and in diabetic patients (type 1 and 2) [40,41].
The CLT and CET animals showed a reduction in the
Kitt values when compared with the C animals, whereas
the animals of the sedentary fructose group (F) showed
extremely low Kitt values; exercise-training (FET and
FLT) counteracted this alteration. These late data are
consistent with the literature, which indicates that physi-
cal exercise is a powerful weapon in combating insulin
resistance [42,43]. According to these findings, both
late- and early-exercise protocols had beneficial effects
on insulin sensitivity measured by Kitt in fructose-fed
rats.
Serum glucose concentrations were similar for the six
groups at the end of the experiment. Glucose can be
used for glycogen, lactate or even lipid synthesis. Fruc-
tose, on the other hand, does not have these properties.
Fructose metabolism occurs in the liver, which can pro-
duce energy in the oxidative chain or provide carbon
skeletons for lipid synthesis that spread to the blood
stream. This characteristic makes fructose a highly lipo-
genic nutrient because it can only be stored as triglycer-
ides [44]. Triglycerides generated by fructose play a key
role in insulin resistance and, subsequently, in the
increase of the concentration of circulating glucose. In
the present study, however, no change in blood glucose
was observed after fructose administration, probably due
to the short period of the diet’s administration. This
finding corroborates previous studies by Fields et al.
[45] and Catena et al. [46] in which no alteration in the
blood glucose of fructose-rich rats was observed at the
end of the experiments.
The maintenance of high-circulating triglycerides con-
centration causes an imbalance in lipid and carbohy-
drate oxidation [47]. This phenomenon can increase
plasma glucose and, consequently, increase insulin pro-
duction and secretion by the pancreas. Hepatic insulin
resistance is caused by alterations in substrate 1 (IRS-1)
and substrate 2 (IRS-2) of the insulin receptor. Protein
N-terminal kinase (JNK) phosphorylates the IRS on ser-
ine, inhibiting its tyrosine phosphorylation, and thereby
interrupting the glucose uptake process. These effects
are at least partially the consequence of protein kinase
C (PKC) and protein N-terminal kinase (JNK-1) activa-
tion, which are closely related to hepatic insulin resis-
tance [35,48].
Therefore, changes in circulating triglyceride concen-
trations are the first and perhaps the main mechanism
of hepatic steatosis induction. Lipid infiltration causes
adverse effects to the liver, and the maintenance of
high-circulating triglyceride levels can generate mild
insulin resistance that may later develop into type 2
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among other diseases [44].
Fructose absorption occurs rapidly in the small intes-
tine by mechanisms that are still unclear. Unlike glu-
cose, when it reaches the bloodstream it does not
stimulate insulin secretion by pancreas beta cells. Still in
circulation, it reaches the liver through the portal vein
and is absorbed by the hepatocyte via the glucose trans-
porters-5 (GLUT5) in an insulin-independent mechan-
ism. An increased fructose concentration in the
hepatocyte is followed by the use of fructose as an
energy source or as the supply of carbon skeletons for
lipogenesis. Unlike glucose, fructose cannot be stored as
glycogen, a process that would provide carbon skeletons
for lipid production through de novo lipogenesis. The
key step in this process is in the conversion of glucose-
6phosphate to fructose1-6phosphate. Although glucose
conversion is modulated by phosphofructokinase (high
levels of citrate can inhibits the phosphofructokinase
action), fructose can continuously enter the glycolytic
pathway with no destination. Because it cannot be con-
verted into glycogen (an irreversible reaction), the fruc-
tose is converted into triglycerides, which are released
into the blood stream, stored in the liver or in periph-
eral tissues or even connected to apolipoprotein B
(apoB), thereby producing VLDL [47,48].
Serum triglycerides appeared significantly elevated in
the FET group when compared with the CET group and
in the FLT group when compared with the CLT group.
During exercise at the MLSS intensity, the muscle meta-
bolizes carbohydrates and lipids preferentially. The
adaptation to exercise may have improved lipid oxida-
tion and the availability of circulating lipids for energy
production. In this case, instead of being stored in the
adipose tissue and liver, these lipids were recruited for
energy production. This finding can explain how the
exercise attenuates fructose-induced insulin resistance,
fat accumulation and liver damage.
Non-alcoholic fatty liver disease was diagnosed in this
study through serum AST concentrations and the liver
total lipid concentrations, which were higher in group F
compared with groups C, FLT and FET. The studies of
Lange [49] and Feldstein et al. [50] suggest that chronic
exercise is an important tool in the prevention and
treatment of hepatic steatosis, insulin resistance and cir-
culating lipids concentrations regulation. The main
effect of physical exercise on the hepatocyte is an
increase in lipid oxidation, which reduces the levels of
TG stored. Exercise also produces an increase in insulin
sensitivity and in insulin-like growth factor (IGF-1),
which are potent activators of liver regeneration and
anabolism [9,49,50]. The increased serum triglycerides
levels in the FLT and FET groups are in agreement with
the above findings and can be explained by the
adaptation of the animals to lipid metabolism, leading to
a greater availability of this substrate in the bloodstream
and, therefore, to a decreased liver infiltration.
Conclusions
Physical exercise at the maximal lactate steady state was
successful in reducing the body weight of early-trained
animals. The late-training protocol was effective in
restoring insulin sensitivity to an acceptable level in the
animals. Finally, both training protocols were successful
in preventing the onset of non-alcoholic fatty liver dis-
ease according to the markers we evaluated.
List of Abbreviations
ALT: Alanine Aminotransferase; ApoB: Apolipoprotein
B; AST: Aspartate Aminotransferase; AT: Anaerobic
Threshold; IGF-1: Insulin-like Growth Factor 1; IRS-1:
Insulin Receptor Substrate 1; IRS-2: Insulin Receptor
Substrate 2; ITT: Insulin Tolerance Test; JNK: Protein
N-Terminal Kinase; MLSS: Maximal Lactate Steady
State; NAFLD: Non-alcoholic Fatty Liver Disease; PKC:
Protein Kinase C; TG: Triglycerides; VLDL: Very Low
Density Lipid.
Acknowledgements
The authors thank the Brazilian foundations FAPESP, CNPq and CAPES,
which provided support for the study.
Author details
1São Paulo State University - UNESP, Department of Physical Education, Av:
24-A, 1515 Bela Vista. Zip code: 13506-900 Rio Claro, São Paulo, Brazil.
2Federal University of Mato Grosso, Department of Physical Education,
Fernando Corrêa da Costa Avenue, Boa Esperança. Zip code: 78060-900
Cuiabá, Mato Grosso, Brazil.
Authors’ contributions
JDB was responsible for the experimental design, data collection, statistical
analysis and preparation of the manuscript. RFM was responsible for the
experimental design and for data collection. RAD, FAV and LTC were
responsible for the data collection and the preparation of the manuscript.
MARM was responsible for experimental design, coordination of research
and preparation of the manuscript. All authors read and approved the final
manuscript text.
Competing interests
The authors declare that they have no competing interests.
Received: 30 August 2010 Accepted: 14 October 2010
Published: 14 October 2010
References
1. Zechin HG, Carvalheira JBC, Saad MJA: Molecular mechanism for insulin
resitance in the metabolic syndrome. Revista da Sociedade de Cardiologia
do Estado de São Paulo 2004, 14:574-89.
2. ORGANIZATION WH: Definition, diagnosis and classification of diabetes
mellitus and it’s complications. WHO/NCD/NCS/99 1991, 2:31-3.
3. Ford ES, Giles WH, Dietz WH: Prevalence of the metabolic syndrome
among US adults. The Journal of the American Medical Association 2002,
287(3):356-359.
4. Ford ES, Giles WH, Mokdad AH: Increasing prevalence of the metabolic
syndrome among US adults. Diabetes Care 2004, 27:2444-9.
Botezelli et al. Lipids in Health and Disease 2010, 9:116
http://www.lipidworld.com/content/9/1/116
Page 7 of 95. Hwang IS, Hoffman BB, Reaven GM: Fructose-induced insulin resistance
and hypertension in rats. Hypertension 1987, 10:512-6.
6. Nagai Y, Yoshihiko N, Takaaki N, Hiroshi M, Ryuichi K, Atsunori K: Amelioration
of high fructose-induced metabolic derangements by activation of PPARα.
Endocrinology and Metabolism 2002, 45(Suppl 5):E1180-E1190.
7. Lee YC, Ko YH, Hsu YP, Ho LT: Plasma leptin response to oral glucose
tolerance and fasting/re-feeding tests in rats with fructose-induced
metabolic derangements. Life Science 2006, 78(Suppl 11):1155-1162.
8. Moura RF, Motta CSA, Ribeiro C, Voltarelli FA, Mello MAR: Metabolic
Characteristics of Wistar Rats Submitted to High Fructose Ingestion by
Different Protocols. Medicine and Science in Sports and Exercise 40(Suppl 5):
S455.
9. Bezerra RMN, Ueno M, Silva MS, Tavares DQ, Carvalho CRO, Saad MJA,
Gontijo JAR: A high-fructose diet induces insulin resistance but not
blood pressure changes in normotensive rats. Brazilian Journal of Medical
and Biological Research 2001, 34(Suppl 9):1155-60.
10. Hanley AJG, Williams K, Festa A, Wagenknetcht LE, D’Agostino JR,
Haffner SM: Markers and development of the metabolic syndrome. The
insulin resistance atherosclerosis study. Diabetes 2005, 54(Suppl 1):3140-7.
11. Ciolac EC, Guimarães GV: The importance of strenght exercise to the
eldery. Revista da Sociedade de Cardiologia do Estado de São Paulo 2002,
12:S15-S6.
12. Wasserman K, McIlroy MB: Detecting the threshold anaerobic threshold in
cardiac patients during exercise. Pediatric Cardiology 1964, 20:12-5.
13. Mader A, Heck H: A theory of metabolic origin of the anaerobic threshld.
Internacional Journal os Sports Medicine 1986, 7(Suppl 1):45-65.
14. Heck H, Mader A, Hess G, Mucke S, Muller R, Wollmann W: Justification of
the 4-mmol/l lactate threshold. International Journal of Sports Medicine
1985, 6:117-30.
15. Steggman H, Kinderman N: Comparisson of prolonged exercise test at
the individual anaerobic threshold and the jxed threshold of 4 mmol/l
lactate. International Journal of Sports Medicine 1982, 3:105-10.
16. Gobatto CA, Mello MA, Sibuya CY, Azevedo JR, Kokubun E: Maxinam
lactate steady state in rats submitted to swimming exercise. Comparative
Biochemical Physiology 2001, 130:21-7.
17. Niakas C, Goto S: The effect of exercise training on oxidative damage of
lipids, protein and DNA in rat skeletal muscle: evidence for beneficial
outcomes. Free Radical Biology and Medicine 1999, 27:69-74.
18. Pitts GC: Body Composition in the rat: interactions of exercise, age, sex
and diet. American Journal Physiology-Regulatory, Integrative and
Comparative Physiology 1984, 246:R495-R501.
19. Parizkova J: Interaction between physical activity and nutrition early in
life and their impact on later development. Nutrition Research Reviews
1998, 11:71-90.
20. Mathews JNS, Altman DG, Campbell MJ, Royston P: Analysis of serial
measurements in medical research. British Medicine Journal 1990, 27:230-50.
21. Reeves PG: Components of AIN-93 Diets as improvement in the AIN-76A
Diet. The Journal of Nutrition 1997, 838S-841S.
22. Engels RC, Jones JB: Causes and elimination of erratic blanc in enzymatic
metabolic assays involving the use of NAD in alkaline hydrazine buffers:
improved conditions for assay of L-glutamate, L-lactate and other
metabolites. Annals of Biochemistry 1978, 88:475-484.
23. Nogueira DM: Clinical Biochemical methods.Edited by: Pancast. São Paulo;
1990:.
24. McLellan F: Obesity rising to alarming levels around the world. The
Lancet 2002, 359(Suppl 9315):1412.
25. Bray GA, Nielsen SJ, Popkin BM: Consumption of high-fructose corn syrup
in beverages may play a role in the epidemic of obesity. American
Journal of Clinical Nutrition 2004, 79:537-43.
26. Merat S, Casanada F, Sutphin M, Palinski W, Reaven PD: Western-Type diets
induce insulin resistance and hyperinsulinemia in LDL receptor-deficient
mice but do not increase aortic atherosclerosis compared with
normoinsulinemica mice in wich similar plasma cholesterol levels are
archieved by a fructose-rich diet. Arteriosclerosis, Thrombosis and Vascular
Biology 1999, 15:1223-30.
27. Eliot SS, Keim NL, Stern JS, Teff K, Havel PJ: Fructose, weight gain, and the
insulin resistance syndrome. The American Journal of Clinical Nutrition
2002, 76:911-922.
28. Gaesser GA, Brooks GA: Muscular efficiency during steady-rate exercise:
effects of speed and work rate. Journal of Applied Physiology 1975,
38(Suppl 6):1132-1139.
29. Kanarek RB, Orthen-Gambill N: Differential effects of sucrose, fructose and
glucose on carbohydrate-induced obesity in rats. J Nut 1982,
112:1546-1554.
30. Teff KL, Elliott SS, Tschöp M, Kieffer TJ, Rader D, Heiman M, Townsend RR,
Kleim NL, D’Alessi D, Havel PJ: Dietary fructose reduces circulating insulin
and leptin, attenuats postprandial suppression of ghrelin, and increases
triglycerides in woman. The Journal of Clinical Endocrinology and
Metabolism 2004, 89:2963-2972.
31. Isganaitis E, Lustig RH: Fast food, central nervous system insulin
resistance, and obesity. Arteriosclerosis, Thrombosis, and Vascular biology
2005, 25:2451-2462.
32. Zavaroni I, Bonora E, Pagliara M, Dall’Aglio E, Lunchetti L, Buonanno G,
Bonatti PA, Bergonzani M, Gnudi L, Passeri M: Risk factors for coronary
artery disease in healthy persons with hyperinsulinemia and normal
glucose tolerance tolerance. The New England Journal of Medicine 1989,
320(Suppl 11):702-6.
33. Thorburn AW, Storlien LH, Jenkins AB, Khouri S, Kraegen EW: Fructose-
induced in vivo insulin resistance and elevated plasma triglyceride level
in rats. The American Journal of Clinical Nutrition 1989, 49:1155-1163.
34. Ziegler O, Quilliot D, Guerci B, Drouin P: Macronutrients, fat mass, fat acid
flux and insulin sensitivity. Diabetes and Metabolism 2001, 27(Suppl 2 pt
2):261-70.
35. Varman TS, Zhen-Xiang L, Xianqin Q, Benjamin DE, Stefan B, Douglas B,
Romanelli AJ, Shulman GI: Mechanism of hepatic insulin resistance in
non-alcoholic fatty liver disease. The journal of biologycal chemistry 2004,
279(Suppl 31):32345-32353.
36. Rennie KL, McCarthy N, Yazdgerdi S, Marmor M, Brunner E: Association of
metabolic syndrome with both vigorous and moderate physical activity.
International Journal of Epidemiology 2003, 32(Suppl 4):600-606.
37. Lakka TA, Laaksonen DE, Lakka HN, Männikkö N, Niskanen LK, Raurama R,
Salonen JT: Sedentary life style, poor cardiorespiratory fitness, and the
metabolic syndrome. Medicine Science Sports Exercise 2003, 35(Suppl
8):1279-86.
38. Ebeling P, Bourey R, Koranyi L, Tuominem JA, Groop LC, Henriksson J,
Mueckler M, Sovijärvi A, Koivisto VA: Mechanisms of enhanced insulin
sensitivity in athletes: increased blood flow, muscle glucose transport
protein (GLUT-4) concentration and glycogen syntase activity. Journal of
Clinical Investigation 1993, 92(Suppl 4):1623-31.
39. Nuutila P, Knuuti MJ, Heinonen OJ, Ruotsalainen U, Teräs M, Bergman J,
Solin O, Yki-Järvinen H, Voipio-Pulkki LM, Wegelius U, Koivisto VA: Different
alterations in the insulin-stimulated glucose uptake in the athlete’s heart
and skeletal muscle. Journal of Clinical Investigation 1994, 93(Suppl
5):2267-74.
40. Eriksson J, Taimela S, Koivisto VA: Exercise and the metabolic syndrome.
Diabetologia 1997, 40(Suppl 2):125-35.
41. Kahn R, Buse J, Ferrannini E, Stern M: The metabolic syndrome: time for a
critical appraisal. Diabetes Care 2005, 48(Suppl 9):1679-83.
42. Eriksen L, Dahl-Petersen I, Haugaard SB, Dela F: Comparision of the effect
of multiple short duration with single long-duration exercise sessions on
glucose homeostasis in type 2 diabetes mellitus. Diabetologia 2007,
50(Suppl 11):2245-2253.
43. Mota CSA, Ribeiro C, Araújo GG, Araújo MB, Manchado FB, Voltarelli FA,
Oliveira CAM, Luciano E, Mello MAR: Exercise training in the aerobic/
anaerobic metabolism transition prevents glucose intolerance in alloxan-
treated rats. BMC Endocrine Disorders 2008, 8:11.
44. Basciano H, Federico L, Khosrow A: Fructose, insulin resistance, and
metabolic dyslipidemia. Nutrition & Metabolism 2005, 2:5-19.
45. Fields M, Lewis CG, Lure MD: Responses of insulin to oral glucose and
fructose loads in marginally copper-deficient rats fed starch or fructose.
Nutrition 1996, 12(Suppl 8):524-8.
46. Catena C, Giacchetti G, Novello M, Colussi G, Cavarape A, Sechi LA: Cellular
mechanisms of insulin resistance in rats with fructose-induced
hypertension. American Journal of Hypertension 2003, 16:973-978.
47. Brown MS, Goldstein JL: The SREBP pathway: regulation of cholesterol
metabolism by proteolysis of a membranebound transcription factor.
Cell 1997, 89:331-340.
48. Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N, Lee D, Goodyear LJ,
Kraegen EW, White MF, Shulman GI: Free fatty acid-induced insulin
resistance is associated with activation of protein kinase C theta and
alterations in the insulin signaling cascade. Diabetes 1999, 48(Suppl
6):1270-74.
Botezelli et al. Lipids in Health and Disease 2010, 9:116
http://www.lipidworld.com/content/9/1/116
Page 8 of 949. Lange KHW: Fat metabolism in exercise - with special reference to
training and growth hormone administration. Scandinavian Journal of
Medicine & Science in Sports 2004, 14(Suppl 2):74-99.
50. Feldstein AE, Canbay A, Angulo P, Taniai M, Burgart LJ, Lindor KD, Gores GJ:
Hepatocyte apoptosis and fas expression are prominent features of
human nonalcoholic steatohepatitis. Gastroenterology 2003, 125:437-443.
doi:10.1186/1476-511X-9-116
Cite this article as: Botezelli et al.: Exercise counteracts fatty liver
disease in rats fed on fructose-rich diet. Lipids in Health and Disease 2010
9:116.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Botezelli et al. Lipids in Health and Disease 2010, 9:116
http://www.lipidworld.com/content/9/1/116
Page 9 of 9